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 A field study was completed to measure the effects of varying flow rate on 
nutrient transport following the application of varying amounts of beef cattle manure to 
plots containing either no-residue or a wheat residue cover.  Beef cattle manure was 
applied and incorporated into the soil in May 2010 to meet zero, one, two, four or eight 
year corn phosphorus requirements. Simulated rainfall events were applied in June and 
July 2010. The presence of a crop residue cover significantly increased the transport of 
dissolved phosphorus, total phosphorus, NO3-N, NH4-N, and total nitrogen in runoff but 
decreased soil loss. Multiple year manure applications may be economically wise but can 
contribute to elevated nutrient levels in runoff, especially the four and eight year manure 
application rates. Increasing runoff rates simulating longer slopes also increased nutrient 
transport in runoff. 
Another study was conducted to measure the effectiveness of a narrow wheat strip 
in reducing runoff nutrient transport. Beef cattle manure was applied at rates needed to 
meet a zero, one, two or four year corn phosphorus requirement. Simulated rainfall events 
were applied the same week the manure was added. Excessive amounts of manure were 
added after the initial tests were completed to meet 8, 12, 16, or 20 year corn phosphorus 
requirements. This was done to determine the effects of excessive manure application on 
runoff nutrient transport. The wheat strip significantly reduced the mean transport of DP, 
NO3-N, NH4-N, and TN in runoff. The wheat strip also reduced EC of runoff, particularly 
when excessive amounts of manure were applied. Manure rate significantly affected 
measurements of DP, PP, TP, NH4-N, TN and EC. Runoff rates significantly affected 
each of the measured runoff water quality parameters.  When excessive manure amounts 
were applied to meet the 8, 12, 16, or 20 year crop P requirements, DP, PP, TP, and NH4-
N transport generally increased as application rates increased. The results indicate that 
wheat strips can reduce N and P transport in runoff. 
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INTRODUCTION 
 Nationwide, millions of cattle are raised in feedlots for human beef consumption. 
On January 1, 2010, 13.6 million head of cattle on feed were reported (USDA, 2010). 
With this many head of cattle being fed, there is sure to be an enormous amount of 
manure produced. For example, in 1997, almost 195,000 tons of nitrogen and 127,000 
tons of phosphorus were available from manure in beef cattle feedlots (USDA, 1997). 
One way to get rid of the excess manure and nutrients from feedlots is land application of 
the manure.  
 Applying manure to agricultural croplands not only benefits feedlots, but it also 
helps farmers. Instead of purchasing fertilizers to meet all the crop’s nutrient needs, 
manure can supply the nitrogen, phosphorus and other nutrients needed without 
additional work by the farmer. In the past, manure was applied based on the nitrogen 
needs of plants. This can be harmful to the environment though, because applying 
manure based on nitrogen (N) can oversupply phosphorus (P). The reason P is applied in 
excess is because of an imbalanced ratio of N:P in manure when compared to the N:P 
ratio requirements of crops. The average N:P ratio in feedlot cattle manure is 2.6:1 while 
corn needs an average 5.9:1 N:P ratio for optimum growth (Eghball et al., 1997; 
Gilbertson et al., 1979). For example, if manure is added to meet a 100 lb N requirement, 
this means 38.5 lbs P is also added by manure. Corn then uses all 100 lbs N but only 17 
lbs P which leaves 21.5 lbs P unused (around 56%). This unused phosphorus will then 
build up in the soil over time and can eventually leach into the groundwater supply or 
degrade surface water quality. To remedy this problem, many locations now apply 
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manure based on the phosphorus needs of the crop. This may mean that the farmer has to 
apply inorganic nitrogen to make up for the nitrogen difference. However, this method 
ensures that both nutrients are exhausted and therefore less likely to contribute to 
groundwater or environmental contamination. 
 Tillage can be used to further conserve nutrients after land application of manure 
and helps to keep nutrients out of runoff. This also reduces odors and has been shown to 
reduce dissolved phosphorus concentrations in runoff (Eghball and Gilley, 1999). Tillage 
may also reduce crop residues on the soil; however, it has not been shown that crop 
residues significantly affect runoff nutrient transport if runoff occurs soon after manure 
application (Nicolaisen et al., 2007). 
 Manure application is usually done every year and as such, manure rates are based 
on one-year crop nutrient needs. However, the farmer could add manure to a field once 
every other year or longer, to meet multiple year crop requirements. While additional 
manure could lead to higher runoff nutrient transport, application costs such as labor and 
equipment could be reduced (Bremer et al., 2007). 
Other best management practices for minimizing erosion and runoff nutrient 
transport include buffers and vegetative filter strips. These are classified as areas of 
permanent vegetation located within and between cropland, grazing land, and disturbed 
land and the water courses to which they drain (Helmers et al., 2008). These can be 
categorized as “edge-of-field” or “in-field” buffers (Dabney et al., 2006). Edge-of-field 
buffers include vegetative filter strips, riparian forest buffers and riparian herbaceous 
cover. In-field buffers include conservation cover, alley cropping, grassed waterways and 
contour buffer strips (Helmers et al., 2008).  
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Filter strips are strips of permanent herbaceous vegetation that remove 
contaminants from overland flow. The vegetation in the strips should have stiff stems and 
a high stem density near the ground surface (NRCS, 2008d). Dillaha et al. (1989) defined 
vegetative filter strips as an area of vegetation that is planted intentionally to help remove 
sediment and other pollutants from runoff water.  
Riparian forest buffers are areas predominantly composed of trees and shrubs 
located adjacent to and up-gradient from watercourses or water bodies. Their main 
function is to reduce excess amounts of sediment, organic material, nutrients and 
pesticides in surface runoff and reduce excess nutrients and other chemicals in shallow 
ground water flow. They also help reduce pesticide drift from entering the water body. 
Riparian forest buffers are applied on areas adjacent to permanent or intermittent streams, 
lakes, ponds, and wetlands (NRCS, 2008f).  
Riparian herbaceous cover is defined as grasses, grass-like plants, and forbs that 
are tolerant of intermittent flooding or saturated soils and that are established or managed 
in the transitional zone between terrestrial and aquatic habitats. Their purpose is to 
improve and protect water quality by reducing the amount of sediment and other 
pollutants, such as pesticides, organic materials and nutrients in surface runoff as well as 
nutrients and chemicals in shallow ground water flow. They too are planted on areas 
adjacent to permanent or intermittent streams, lakes, ponds, and wetlands (NRCS, 
2008g). 
Regarding in-field buffers, conservation cover is defined as establishing and 
maintaining permanent vegetative cover to reduce soil erosion and sedimentation. This 
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practice is done in areas that need permanent vegetative cover and is not to be applied to 
plantings for forage production (NRCS, 2008b). 
Alley cropping is the practice of planting trees or shrubs in sets of single or 
multiple rows with agronomic, horticultural crops, or forages produced in the alleys 
between the sets of woody plants. One purpose is to enhance microclimatic conditions to 
improve crop or forage production, and another is to reduce surface water runoff and soil 
erosion. Alley cropping can be applied in all areas where crop and/or forages can be 
grown in combination with trees and shrubs (NRCS, 2008a). 
Grassed waterways are shaped or graded channels that are established with 
suitable vegetation to carry surface water at a non-erosive velocity to a stable outlet. 
Their purposes are to convey water from terraces, diversions or other areas without 
causing erosion or flooding, to reduce gulley erosion and to improve water quality. Grass 
waterways can be placed in existing channels or in areas where they are needed to convey 
water and control erosion (NRCS, 2008e). 
Finally, contour buffer strips are defined as narrow strips of permanent, 
herbaceous cover established around the hill slope and alternated down the slope with 
wider cropped strips that are farmed on the contour. Their purpose is to reduce sheet and 
rill erosion, reduce transport of sediment and other water-borne contaminants down 
slope, and to increase water infiltration (NRCS, 2008c). In a study conducted by Gilley et 
al. (2008), narrow grass hedges decreased runoff by 41 percent on average and decreased 
soil erosion rates by an average of 92 percent.  
All of the above conservation practices can be grouped under the term “buffers”. 
Buffers have been found to be most effective in trapping particulate pollutants but they 
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decrease the transport of soluble pollutants as well. Narrow buffers have also been shown 
to be effective in reducing the transport of nutrients and sediment. This is because one of 
the primary functions of buffers is to slow surface water movement, which reduces the 
transport of nutrients and sediment, especially particulates, and narrow strips of dense 
grass can function in this capacity and provide water quality benefits (Dabney et al., 
2006). Since narrow buffers slow surface water movement, this creates pooling behind 
the buffer strips, which allows time for the particulates to settle out and allows more time 
for infiltration. 
Another best management practice is intercropping. This is defined as the 
growing of two or more crops mixed in the same area, and it has been going on for 
centuries around the world. Today strip intercropping is the practice of producing 
different crops in narrow alternating strips that are wide enough to manage independently 
but narrow enough that the crops can influence the microclimate and yield of adjacent 
crops. This can occur because wind patterns, soil nutrients and especially solar energy in 
the strip intercropped fields differs from that in single crop fields (Jurik and Van, 2004). 
Gilley et al. (1997) concluded that the corn, soybean, winter wheat strip intercropping 
system in southwest Iowa that was established on highly erodible soil provided effective 
erosion control. This erosion control came about because of the three crop rotation 
system and residue management practices that left a substantial amount of residue cover 
on the field. The sediment movement between crops was found to be minimal, which 
showed that erosion was controlled by the strip intercropping practice. 
Since winter wheat has been used effectively in an intercropping system and since 
narrow contour buffer strips, specifically narrow grass hedges, have proven successful, 
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narrow wheat strips may also be effective in reducing nutrient transport and soil erosion. 
As seen above, the incorporation of wheat strips as part of a strip cropping practice has 
been used to effectively reduce soil loss from cropland areas. Narrow wheat strips 
promote sediment deposition and diffuse and spread overland flow. The potential for 
concentrated flow could be reduced since wheat strips, like narrow grass hedges, can be 
planted along the contour at relatively short intervals that allow multiple passes of farm 
equipment. As a result, much of the sediment carried by overland flow would move only 
a short distance before it is deposited. Narrow wheat strips are one area of interest that 
need to be researched further. 
Another area of additional research that needs to be performed concerns varying 
flow rates and the effect they have on nutrient transport by overland flow. As slope length 
increases, runoff rates become greater. Thus to simulate longer slope lengths, overland 
flow rates can be increased. Little information is currently available on the effect of 
increased flow rate on runoff nutrient transport.   
In order to accomplish comprehensive research on nutrient transport concerning 
narrow wheat strips, manure application rates, manure incorporation, ground cover and 
varying flow rates, the procedures established by the National Phosphorus Research 
Project (NPRP) for measuring nutrient transport from 2-m long plots can be used 
(Sharpley and Kleinman, 2003). 
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OBJECTIVES 
A review of the literature relating to manure land application revealed the need 
for further investigation into additional areas. The objectives of this research were: 
 
Manuscript I. Runoff Nutrient Transport as Affected by Manure Application Rate, 
Residue Cover and Flow Rate. 
1. Measure the effects of varying flow rate on nutrient transport following the 
application of varying amounts of beef cattle manure to plots containing either 
no-residue or an undisturbed wheat residue cover. 
 
Manuscript II. Wheat Strip Effects on Nutrient Transport Following Manure Application. 
1. Measure the effectiveness of a narrow wheat strip in reducing runoff nutrient 
transport from plots following the application of varying amounts of beef 
cattle manure. 
2. Compare the effects of a narrow wheat strip, manure application rate and 
inflow rate on nutrient transport rate in runoff. 
3. Evaluate the consequences of adding excessive manure amounts (more than 
necessary to meet four year crop P requirements). 
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THESIS PRESENTATION 
This thesis is being written in manuscript form as drafts for publication. The 
manuscripts are formatted to be published in Transactions of the ASABE.  
The thesis consists of two chapters. The first chapter is the manuscript titled, 
“Runoff Nutrient Transport as Affected by Manure Application Rate, Residue Cover and 
Flow Rate”. This chapter discusses the effects of varying flow rate on nutrient transport 
following the application of varying amounts of beef cattle manure to plots containing 
either no-residue or an undisturbed wheat residue cover. This information will help 
determine what happens to nutrient transport when beef cattle manure is incorporated into 
land with either no-residue or an undisturbed wheat residue cover and allowed to 
mineralize. The study will also help to understand how varying overland flow rates affect 
nutrient transport given the varying amounts of incorporated beef cattle manure. 
The second chapter is the manuscript titled, “Wheat Strip Effects on Nutrient 
Transport Following Manure Application”. This chapter discusses the effectiveness of a 
narrow wheat strip in reducing runoff nutrient transport from plots with a range of soil 
nutrient values following the application of varying amounts of beef cattle manure. It also 
compares the effects of wheat strips, manure application rate and inflow rate on nutrient 
transport rate in runoff. This information will help determine how nutrient transport is 
affected when a narrow wheat strip is planted on the contour along a hill slope. The study 
will also help to understand how varying overland flow rates affect nutrient transport 
across the narrow wheat strip given varying amounts of applied beef cattle manure. 
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RUNOFF NUTRIENT TRANSPORT AS AFFECTED BY 
MANURE APPLICATION RATE, RESIDUE COVER AND 
FLOW RATE 
 
C. A. Thayer, J. E. Gilley, L. M. Durso, D. B. Marx 
ABSTRACT 
 Little information is available concerning the effects of varying flow rate on 
nutrient transport by overland flow from areas on which manure was previously applied. 
The objective of this field study was to measure the effects of varying flow rate on 
nutrient transport following the application of varying amounts of beef cattle manure to 
plots containing either no-residue or a wheat residue cover.  Beef cattle manure was 
applied and incorporated into the soil in May 2010 to meet zero, one, two, four or eight 
year corn phosphorus requirements. Three 30 minute simulated rainfall events, separated 
by 24 hour intervals, were applied each week for five weeks in June and July 2010 at an 
intensity of approximately 70 mm hr
-1
 to 0.75 m wide by 2.0 m long plots. The effects of 
manure application rate, residue cover and runoff rate on nutrient transport were then 
determined using ANOVA. The presence of a crop residue cover significantly increased 
the transport of dissolved P, total P, NO3-N, NH4-N, and total N in runoff but decreased 
soil loss. Multiple year manure applications may be economically wise but can contribute 
to elevated nutrient levels in runoff, especially the four and eight year manure application 
rates. Increasing runoff rates, which simulated longer slopes, also increased nutrient 
transport in runoff. 
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INTRODUCTION  
Runoff from cropland areas on which manure is applied can contribute to 
increased nutrient concentrations in streams and lakes. The concentration of nutrients in 
runoff may be influenced by nutrient content near the soil surface (Sharpley et al., 1996; 
Wortmann and Walters, 2006). Greater soil nutrient values have been found to increase 
runoff nutrient concentrations (Pote et al., 1999; Andraski and Bundy, 2003). However, 
soil nutrient concentration may not impact nutrient transport when runoff occurs soon 
after manure application (Eghball et al., 2002).  Nutrient concentrations of runoff may 
decline during the year following manure application (Gilley et al., 2007b). Moldboard 
plowing of soils with a large nutrient content near the surface has been found to reduce 
runoff nutrient transport (Gilley et al., 2007a; Wortmann and Walters, 2007).  
The incorporation of manure following land application conserves nutrients. 
Tillage following the addition of beef cattle manure to cropland areas containing sorghum 
or wheat residue was found to significantly decrease dissolved P concentrations in runoff 
(Eghball and Gilley, 1999).  The amount of crop residue on the soil surface may also be 
reduced following tillage. However, crop residues may not significantly affect nutrient 
concentrations in runoff occurring soon after manure application (Nicolaisen et al., 2007).  
The National Phosphorus Research Project (NPRP) established procedures for 
measuring nutrient transport from 2-m long plots (Sharpley and Kleinman, 2003). As 
slope length increases, runoff rates become greater. Currently, there is limited 
information available concerning the effects of varying flow rate on nutrient transport by 
overland flow. The objective of this study was to measure the effects of varying flow rate 
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on nutrient transport following the application of beef cattle manure to plots containing 
either no-residue or a wheat residue cover. 
MATERIALS AND METHODS  
STUDY SITE CHARACTERISTICS 
This field study was conducted at the University of Nebraska Rogers Memorial 
Farm located 18 km east of Lincoln, NE. The site has been cropped using a grain 
sorghum (Sorghum
 
bicolor (L.) Moench), soybean (Glycine
 
max (L.) Merr.), winter 
wheat (Triticum aestivum L. cv. Pastiche) rotation, under a no-till management system, 
and was planted to winter wheat during the 2008 – 2009 cropping season. The wheat was 
harvested in July, 2009. During the test period, the field was left as wheat stubble and 
herbicide was applied as needed to control weed growth. The average land slope at the 
site was 0.060 ft/ft. 
Soil samples collected immediately before rainfall simulation were tested at a 
commercial laboratory. It was determined that soil at the site developed in loess under 
prairie vegetation. The Aksarben (formerly known as Sharpsburg) silty clay loam soil 
(fine, smectitic, mesic Typic Argiudoll) contained 16% sand, 52% silt, 32% clay, and 
18.5 g kg
-1
 of organic C in the top 15 cm of the soil profile. The Murphy and Riley 
(1962) procedure, which involves shaking 2 g of soil for 5 min in 20 ml of deionized 
water, was used to determine water-soluble phosphorus (WSP). As an index of P 
availability, the Bray-1 P procedure (Bray and Kurtz, 1945) provided a relative estimate 
of P concentration in the soil solution that limits the growth of plants.  Soil NO3-N and 
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NH4-N concentrations (extracted using a 2 molar KCl solution) were measured with a 
spectrophotometer (Lachat system from Zellweger Analytics, Milwaukee, WI).  
EXPERIMEMTAL DESIGN 
Thirty plots were established across the slope using a randomized block design 
(figure 1). Experimental treatments included manure application rate, residue cover, and 
inflow rate. The existing wheat residue cover was removed, by raking, from half of the 
plots and the rest of the plots remained undisturbed (figure 2). Beef cattle manure was 
collected from feedlot pens located at the U.S. Meat Animal Research Center.  On May 
19, 2010, manure was added to the plots at rates of 0.0, 5.4, 10.7, 21.4, or 42.8 Mg ha
-1
 to 
meet corn phosphorus requirements for zero, one, two, four, or eight years, respectively. 
Following manure application, the manure was incorporated by disking. Each of the 
experimental treatments was replicated three times.  
Since soil may be transported from its original location during the disking 
operation, manure was added to an area larger than the final plot dimensions to provide 
more uniform application over the plot area. Disking occurred up and down slope in the 
direction of overland flow. This condition provided a greater runoff and soil loss potential 
than would have occurred if tillage was performed along the contour.  
As slope length is increased, overland flow rates also increase. Other studies 
(Gilley et al., 1990; Gilley and Doran, 1998) have simulated greater slope lengths by 
increasing flow rates. Thus, in this study, successively larger runoff rates were introduced 
to simulate greater slope lengths.  
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RAINFALL SIMULATION PROCEDURES 
Water used for rainfall simulation was obtained from an irrigation well located near 
the experimental site. Concentrations of DP, TP, NO3-N, NH4-N, and TN in the irrigation 
water were 0.18, 0.18, 13.61, 0.003, and 13.61 mg kg
-1
, respectively. Measurements of 
EC and pH in the irrigation water were 0.79 dS m
-1
 and 7.6, respectively.  
Field rainfall simulation tests were conducted in June and July 2010 using a portable 
rainfall simulator based on the design by Humphry et al. (2002). Three 30 minute 
simulated rainfall events, separated by 24 hour intervals, were applied each week for five 
weeks in June and July 2010 at an intensity of approximately 70 mm hr
-1
 to a pair of 0.75 
m wide by 2 m long plots. Procedures established by the National Phosphorus Research 
Project (NPRP) (Sharpley and Kleinman, 2003) were used to simulate rainfall. Two rain 
gauges were placed along the outer edge of each plot, and one rain gauge was located 
between the plots. Water was added with a hose until runoff began to provide more 
uniform antecedent soil water conditions among treatments. 
Plot borders were used to ensure that only water falling directly on the experimental 
plots would be collected and measured. During the first 30 minutes of the study, runoff 
was diverted by a trough at the bottom of each plot to a small plastic bucket. The 
collected water was then transferred to a larger storage container using a sump pump. The 
storage container was weighed when the 30 minute rainfall simulation test was completed 
to determine total runoff volume. Then, while the runoff was being stirred to maintain 
suspension of solids, samples were collected for water quality and sediment analyses. 
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After the initial 30 minutes of rainfall simulation on the third run, runoff from the 
experimental plots was diverted into an HS flume with a stage recorder to measure 
discharge rate. Four successive inflow increments were applied on the upslope portion of 
each plot to simulate longer slope lengths. The inflow was added on the top of a narrow 
mat to prevent scouring. Samples for water quality and sediment analyses were obtained 
after each inflow increment reached steady state runoff conditions as determined by a 
stage recorder. Each inflow increment was sustained for approximately five minutes. An 
illustration of the equipment layout is shown in figure 3. 
Centrifuged and filtered runoff samples were analyzed for DP (Murphy and Riley, 
1962), NO3-N and NH4-N using a Lachat system (Zellweger Analytics, Milwaukee WI).  
Non-centrifuged samples were analyzed for TP (Johnson and Ulrich, 1959) and TN (Tate, 
1994). The samples obtained for sediment analysis were dried in an oven at 105C and 
then weighed to determine sediment content. Analyses were not conducted on dissolved 
solids. 
STATISTICAL ANALYSES 
         The effects of manure application rate, residue cover, and runoff rate on nutrient load 
were determined using ANOVA (SAS Institute, 2003). For a given plot, water quality 
measurements obtained from each of the three-rainfall simulation runs were included in 
the analyses.  A probability level < 0.05 was considered significant. 
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RESULTS AND DISCUSSION 
PHOSPHORUS MEASUREMENTS 
 The total phosphorus content of the beef cattle manure was 5.6 g kg
-1
 (table 1). 
The residual Bray-1 P and water soluble P contained in the soil at the site prior to manure 
addition on May 19, 2010 were 64 and 3.8 mg kg
-1
, respectively. After tillage and time 
(one to two months depending on which week each plot was tested) nutrient values 
increased because of mineralization and organic matter decomposition to 72 and 5.1 mg 
kg
-1
, respectively (table 2). Manure was applied to meet corn phosphorus requirements 
for zero, one, two, four and eight years which were 0, 5.4, 10.7, 21.4, and 42.8 Mg ha
-1
, 
respectively (table 1). 
 After application of manure at varying rates on land with and without crop residue 
covers, soil phosphorus contents were not affected by cover (table 2). Even though soil P 
concentrations were not affected by residue cover, having a crop residue cover 
significantly increased runoff loads of DP and TP (table 3). Dissolved phosphorus load 
increased from 0.08 to 0.17 kg ha
-1
 and total phosphorus load increased from 0.17 to 0.26 
kg ha
-1
. Increased P loads could have occurred because plots with cover have a greater 
hydraulic resistance than plots without cover, thus increasing the time for phosphorus to 
be dissolved in runoff.   
Table 2 also demonstrates that soil phosphorus contents significantly increased 
when manure was added at a rate to meet eight year corn P requirements. In addition to 
soil P concentrations, runoff DP and TP loads also significantly increased due to 
increasing manure application rates (table 3). A significant cover x manure rate 
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interaction was measured for both DP and TP (table 3). Runoff loads of DP significantly 
increased when manure application rates of 21.4 and 42.8 Mg ha
-1
 were applied to plots 
with crop residue cover (figure 4).  Greater amounts of phosphorus were available due to 
the greater amounts of manure that were applied and because surface cover increased the 
mean runoff residence time from 1.058 L/min on plots without cover to 0.965 L/min on 
plots with surface cover.  
The load of TP also significantly increased when manure was applied at rates of 
21.4 and 42.8 Mg ha
-1
 to plots with a residue cover (figure 5). It is apparent from figures 
3 and 4 that the application of manure to meet four and eight year corn P requirements 
significantly increased the amount of P transported in runoff. Applying manure to meet 
the four and eight year P requirements may save time and money, but may also have a 
negative impact on the environment. 
 Regression equations relating DP and TP loads to manure application rate were 
also obtained (figures 6 and 7, respectively). For both cover and no cover conditions, DP 
and TP loads in runoff increased linearly as manure application rate increased. Figures 6 
and 7 also show that residue cover increased the amount of phosphorus transported in 
runoff. The cover treatment increased P loads in runoff because as stated above, residue 
cover increases the runoff residence time thus allowing more time for phosphorus to 
accumulate in runoff.  
 When simulated overland flow was added to the test plots, the rate of DP 
transport in runoff was significantly higher on plots with cover than on plots without crop 
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residue cover (table 4). However, cover had no significant effect on the rate of TP 
transport when inflow was added. Manure application rate also had a significant effect on 
DP and TP transport rate when inflow was added (table 4). The same trends seen in table 
3 for DP as affected by manure application rate are also seen in table 4; the addition of 
21.4 and 42.8 Mg ha
-1
 of manure significantly increased the rate of DP transport in 
runoff. The addition of 42.8 Mg ha
-1
 of manure also significantly increased the rate of TP 
transport when additional inflows were added.  
Increasingly larger runoff amounts significantly increased the DP and TP loads in 
runoff. A significant interaction between cover and runoff rate was observed for both DP 
and TP (table 4). Figure 8 illustrates that the highest three runoff rates on plots with cover 
had no significant effect on DP transport rate. The reason for this is not known. However, 
there was a significant increase in DP transport rate at a runoff rate of 8.34 L min
-1
. 
Figures 8 and 9 demonstrate that on plots without cover, the highest three runoff rates 
caused a significant increase in the rate of DP and TP transport with each increase in 
runoff rate. The transport rate of TP on plots with cover also increased with each runoff 
rate increase, two of which (8.34 and 19.12 L min
-1
) were significant. Transportation 
rates for DP and TP in runoff showed significant increases because with each increased 
runoff rate, the total volume of water moving over the plot increased, providing a greater 
capacity to transport nutrients. 
 Regression equations were also developed relating runoff rate to DP and TP 
transport rate on experimental plots with and without crop residue cover (figures 10 and 
11, respectively). The equations were derived for runoff rates of 1.0 to 19.5 L min
-1
. The 
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equations can be used to estimate DP and TP transport rates for runoff volumes not 
explicitly shown. 
NITROGEN MEASUREMENTS 
 Since manure was applied at rates required to meet corn phosphorus requirements, 
additional urea ((NH2)2CO) fertilizer N (39-0-0, N-P-K) pellets were broadcast on the 
surface to meet the first year corn nitrogen requirements. When calculating manure 
application rates, it was assumed that N and P availability from beef cattle feedlot manure 
was 40% and 85%, respectively (Eghball et al., 2002). Inorganic N fertilizer hydrolyzes 
rapidly so it can be easily transported in runoff. Knowing this, inorganic nitrogen was 
applied to only meet one year corn N needs of 151 kg ha
-1
 in order to reduce excess N 
losses (table 1). To further reduce losses of nutrients in runoff, the fertilizer and manure 
were incorporated into the soil by disking (Eghball and Gilley, 1999).  
 The amount of residual NO3-N in the soil before manure application was 5.5 mg 
kg
-1
on May 19, 2010. After manure incorporation into the soil and one to two months of 
mineralization, the soil NO3-N measurement in the top 2 cm of soil increased to 6.1 mg 
kg
-1
. Applying manure to meet one, two and four year corn P requirements raised the 
NO3-N levels in the soil slightly but the addition of manure to meet the eight year corn P 
requirement significantly increased NO3-N in the soil to 30.4 mg kg
-1
(table 2). Levels of 
NO3-N in runoff also increased from 0.42 kg ha
-1
 for the zero manure application rate to 
1.65 kg ha
-1
 for the eight year manure application rate (table 3). The transport of NO3-N 
in runoff was significantly influenced by manure application rate. The increases were 
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expected because the applied manure originally contained 0.01 g kg
-1
 NO3-N and so 
increasing the manure rate should have increased the NO3-N available for transport in 
runoff. 
 When additional inflows were added to the experimental plots, a significant 
increase of NO3-N in runoff occurred on plots that received manure at a rate of 42.8 Mg 
ha
-1
 as compared to plots with lower manure application rates (table 4). This result was 
expected since higher manure rates correspond to more NO3-N available for transport. 
The reason for the reduction of NO3-N from the zero manure application rate to the 21.4 
Mg ha
-1
 application rate is not known. 
When runoff rates were included as a variable, a significant cover x runoff rate 
interaction was observed for NO3-N (table 4). The first two runoff rates on plots with 
both cover and no cover treatments had no significant difference in NO3-N transport rate 
(figure 12). No significant difference existed between the three largest runoff rates on the 
plots with cover. However, a significant increase in NO3-N transport rate occurred 
between the three largest runoff rates on plots without a crop residue cover (figure 12).  
Equations relating NO3-N transport rate to runoff rate are shown in figure 13. The 
transport rate of NO3-N in runoff from the plots without residue cover increased linearly 
with runoff rate while plots containing cover showed only slight increases in NO3-N 
transport rate with runoff rate. The reason for the increased transport rate of NO3-N in 
runoff on plots without cover could be related to the fact that NO3-N levels in the soil 
were elevated for the 42.8 Mg ha
-1
 manure application rate (table 2) and as the runoff 
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rates increased on plots without cover, the soil erosion rates also increased. The increased 
erosion could have contained higher levels of NO3-N thus increasing the overall NO3-N 
transported with increasing runoff rates. 
 Cover also had a significant effect on the transport of NH4-N. The plots with 
cover had higher values for NH4-N in runoff than the plots without residue cover (tables 
3 and 4). The justification for this is again that the residue cover provided a larger 
hydraulic resistance and a longer residence time. Manure application also significantly 
affected NH4-N concentrations in runoff (table 3). Without manure, there was only 0.004 
kg ha
-1
 of NH4-N in the soil but after manure application, the NH4-N concentration 
increased significantly to 0.014 kg ha
-1
. The explanation for the increase is that the 
applied manure had 0.26 g kg
-1
 NH4-N (table 1) and thus when manure was added, the 
NH4-N available for transport in runoff also increased.  
The transport rate of NH4-N in runoff was also significantly affected by runoff 
rate (table 4). A significant increase occurred when the 8.2 L min
-1
 rate was applied but 
then among the three largest runoff rates, the transport rate of NH4-N did not differ 
significantly. Although the NH4-N concentration in the applied manure was larger than 
the NO3-N concentration (table 1), NH4-N transported in runoff was smaller than any 
other nitrogen measurement (tables 2 and 3). 
 Concentrations of TN were significantly higher in runoff from plots with cover 
than those without cover because again, cover allowed for a longer hydraulic residence 
time (table 3). The TN transported in runoff showed no significant increase for manure 
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rates applied to meet the zero, one, and two year corn P needs but there was a significant 
increase between the manure rates applied for zero and four years and between the four 
and eight year manure application rates (table 3). This was due to the increase of NO3-N 
transported in runoff (table 3). Figure 14 shows the relationship between the transport of 
NO3-N and TN.  
Increasing runoff rates significantly increased TN transport rate (table 4). A 
regression equation relating TN transport rate and runoff rate is given (figure 15). The 
increase in the rate of TN transport was expected since higher runoff rates allow for a 
higher volume of water to come into contact with the ground surface thus allowing for a 
greater capacity to transport nutrients.  
MEASUREMENTS OF EC, PH, RUNOFF AND SOIL LOSS 
 The EC of the soil significantly increased once manure was applied (table 2). The 
42.8 Mg ha
-1
 manure application rate also caused a significant increase in soil EC when 
compared to the 5.4, 10.7, and 21.4 Mg ha
-1
 application rates (table 2). This can be 
explained because manure contains soluble salts as evidenced in table 1 where the EC of 
the manure was 19 dS m
-1
. The EC of runoff was also significantly affected by cover. 
Runoff from the plots with cover had a lower EC value than from plots without cover 
(table 3). The reason for this may be that plots without cover had more soil loss than 
those with cover. Thus, the soil lost to runoff contained more salts from manure 
incorporation which in turn resulted in a higher EC value in the runoff.  
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When inflow was added to the plots, the EC of runoff from the treatments with 
cover was higher than the no cover treatments but the difference was relatively small at 
0.01 dS m
-1
. Even though the difference was significant, for a difference that small, it is 
difficult to identify the mechanisms responsible for the variation. A significant cover x 
runoff rate interaction occurred which should be considered as well.  
The EC of runoff also significantly increased as manure application rate increased 
(table 3). There was no significant difference in the EC of runoff among the three 
smallest manure application rates. However, a significant difference in EC values was 
found between the 0 and 21.4 Mg ha
-1
 manure rates and between the 42.8 Mg ha
-1
 rate 
and the first three manure application rates. The explanation for this increase is that 
manure contains soluble salts and as more manure is applied, more salt is available to be 
dissolved in runoff which ultimately increases EC measurements.  
 The pH of the applied manure was 8.2 while the pH of the soil was 7.4 (tables 1 
and 2, respectively). The pH of runoff from plots with cover was 7.88 while the plots 
without cover had a pH of 7.96 which was significantly larger (table 3).  This may have 
occurred because plots without cover had more soil/manure erosion which in turn raised 
the pH higher than the runoff from the plots with surface cover. Runoff rates also 
significantly affected pH levels in runoff; as the runoff rates increased, the pH decreased 
(table 4). This occurred because greater runoff volumes result in a decrease in hydrogen 
ion concentration. A regression equation relating pH levels in runoff to runoff rate is 
given (figure 16). 
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 Runoff from the experimental plots averaged 20 mm (table 3). Runoff values 
were used to determine nutrient loads so nutrient concentrations in table 3 can be back 
calculated knowing that the plot area was 1.5 m
2
. 
 The mean soil loss value for the experimental tests without added runoff rates was 
0.38 Mg ha
-1
 and the mean value for the runoff rate tests was 76.25 kg ha
-1
 min
-1
. A 
significant difference in soil loss was measured between the cover and no cover 
treatments. As anticipated, experimental plots without a cover of crop residue sustained a 
significantly higher soil loss than plots with cover, 0.61 compared to 0.15 Mg ha
-1
 
respectively (table 3) and 118.9 compared to 33.5 kg ha
-1
 min
-1
 respectively (table 4). 
This was expected since bare tilled ground is more susceptible to soil erosion than land 
containing a wheat stubble cover that was tilled. Increasing runoff rate also significantly 
increased soil loss values (table 4). As runoff rate increased, soil loss values from 
experimental plots without a crop residue cover increased more rapidly than from plots 
with a residue cover (figure 17).  
CONCLUSIONS 
 Crop residue cover increased mean transport of DP in runoff from 0.08 to 0.17 kg 
ha
-1
 and increased TP transport from 0.17 to 0.26 kg ha
-1
. The application of manure to 
meet four and eight year corn P requirements significantly increased the amount of DP 
and TP transported in runoff. Simulating longer slopes by adding increasingly higher 
runoff rates significantly increased the rate of DP and TP transport as well. When crop 
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residue cover was removed, each increase in runoff rate from 8.02 to 19.96 L min
-1
 
caused a significant increase in the amount of P transported in runoff.  
 Crop residue cover significantly increased runoff transport of NO3-N, NH4-N, and 
TN. Manure application rate also significantly affected the transportation of nitrogen in 
runoff. Levels of NO3-N in runoff increased from 0.42 kg ha
-1
 for the zero manure 
application rate to 1.65 kg ha
-1
 for the eight year manure application rate. The NH4-N 
runoff load also significantly increased from 0.004 kg ha
-1
 with no manure added to 0.014 
kg ha
-1
 when manure was added to meet the one year corn P requirement. Transport of 
TN in runoff also significantly increased as manure rate increased. Increasing runoff rates 
significantly affected all three nitrogen measurements as well. A significant increase in 
the rate of NO3-N, NH4-N, and TN transport was found at a runoff rate of 8.2 L min
-1
. 
 The EC of runoff from the plots with crop residue cover was significantly lower 
than the EC of runoff from the plots without residue cover. A significant increase in EC 
value was found between the 0 and 21.4 Mg ha
-1
 manure rates. The pH of runoff from 
plots with cover was 7.88 while the plots without cover had a pH of 7.96 which was 
significantly larger (table 3). Runoff rates also significantly affected pH levels in runoff; 
as the runoff rates increased, the pH decreased (table 4). The average runoff and soil loss 
values for the experimental plots without added inflow were 20 mm and 0.38 Mg ha
-1
, 
respectively. The mean value of soil loss for the runoff rate tests was 75.7 kg ha
-1
 min
-1
. 
Experimental plots with cover had significantly less soil loss than those without cover. 
Also, increasing runoff rates significantly increased soil loss. 
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 The presence of a crop residue cover generally increased nutrient runoff but 
decreased soil loss. Multiple year manure applications may be economically wise but can 
also contribute to elevated nutrient levels in runoff, especially when applied to meet the 
four and eight year P manure application requirements. Increasing runoff rates also 
generally increased nutrient runoff. 
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APPENDIX 
 
 
 
 
 
 
 
 
 
 
P Application 
Interval[a]                     
(yr)
Manure 
Application 
(Mg ha-1)
NO3-N
[b]                      
(g kg-1)
NH4-N                  
(g kg-1)
Total N             
(g kg-1)
Total P               
(g kg-1)
Water Content          
(g kg-1)
0 0.0 0.01 0.26 15 5.6 83
1 5.4 0.01 0.26 15 5.6 83
2 10.7 0.01 0.26 15 5.6 83
4 21.4 0.01 0.26 15 5.6 83
8 42.8 0.01 0.26 15 5.6 83
P Application 
Interval[a]                         
(yr)
EC[c]                   
(dS m-1) pH
Total        
Manure N               
(kg ha-1)
Total                 
Fertilizer N               
(kg ha-1)
Total P               
(kg ha-1)
0 19 8.2 0.0 0.0 0.0
1 19 8.2 32.0 119.0 25.8
2 19 8.2 64.0 87.0 51.6
4 19 8.2 128.0 23.0 103.2
8 19 8.2 256.0 0.0 206.4
[a] Manure was applied at a rate necessary to meet a 0, 1, 2, 4 or  8 year corn P requirement.
[b] Nutrient concentration was determined on a dry basis.
[c] EC = electrical conductivity; EC and pH were determined in a 1:5 manure:water ratio.
Table 1. Manure analyses and application rates
Table 1. Continued
30 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bray-1 P Water Soluble P NO3-N NH4-N EC PH
(dS m-1)
Cover[a]
Cover 95 7.3 15.6 2.7 0.54 7.4
No-cover 91 6.3 14.0 2.6 0.50 7.4
Manure rate (Mg ha -1)[b]
0 72 b 5.1 b 6.1 b 1.5 0.41 c 7.5
5.4 70 b 5.1 b 13.3 b 3.1 0.52 b 7.3
10.7 82 b 5.5 b 13.1 b 3.6 0.50 bc 7.5
21.4 75 b 6.3 b 11.0 b 1.8 0.48 bc 7.4
42.8 168 a 11.8 a 30.4 a 3.4 0.71 a 7.3
Pr > F
Cover 0.72 0.21 0.60 0.88 0.25 0.91
Rate 0.01 0.01 0.01 0.24 0.01 0.07
Cover x rate 0.99 0.97 0.21 0.56 0.65 0.40
[a] Value followed by different letters are significantly different at the 0.05 probability level based on the LSD test.
[b] Beef cattle manure was applied to meet 0, 1, 2, 4 or 8 year P crop growth requirements for corn.
Table 2. Mean effects of surface cover and manure application rate on selected soil characteristics.
-------------------------(mg kg-1)-------------------------
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DP PP TP NO3-N NH4-N TN EC PH Runoff Soil Loss
(kg ha -1) (kg ha -1) (kg ha -1) (kg ha -1) (kg ha -1) (kg ha -1) (dS m-1) (mm) (Mg ha
-1)
Cover
Cover 0.17 0.09 0.26 1.20 0.014 1.64 0.74 7.88 21 0.15
No-cover 0.08 0.09 0.17 0.78 0.008 1.11 0.78 7.96 20 0.61
LSD (0.05) 0.02 0.03 0.35 0.004 0.35 0.02 0.02 0.19
Manure rate (Mg ha -1)[b]
0 0.06 0.09 0.15 0.42 0.004 0.78 0.73 7.93 22 0.34
5.4 0.08 0.08 0.16 0.88 0.014 1.32 0.76 7.91 22 0.35
10.7 0.08 0.07 0.16 0.78 0.011 1.15 0.75 7.93 17 0.37
21.4 0.16 0.08 0.23 1.23 0.011 1.55 0.77 7.92 19 0.41
42.8 0.26 0.12 0.37 1.65 0.015 2.10 0.80 7.91 22 0.42
LSD (0.05) 0.03 0.04 0.56 0.006 0.55 0.04 3
ANOVA (Pr>F)
Cover 0.01 0.85 0.01 0.03 0.01 0.01 0.01 0.01 0.95 0.01
Rate 0.01 0.06 0.01 0.01 0.01 0.01 0.01 0.73 0.01 0.98
Cover x rate 0.01 0.74 0.01 0.12 0.09 0.48 0.06 0.41 0.96 0.98
[a] Reported nutrient values represent the difference between runoff measurements and concentrations in the irrigation well water.
[b] Beef cattle manure was applied to meet 0, 1, 2, 4 or 8 year P crop growth requirements for corn.
Table 3. Runoff water quality parameters as affected by residue cover and manure application rate.[a]
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DP PP TP NO3-N NH4-N TN EC PH Soil Loss
(dS m-1) (kg ha -1 min-1)
Cover
Cover 10.2 13.3 23.5 43 0.85 161 0.77 7.72 33.5
No-cover 7.5 15.5 23.0 54 0.29 133 0.76 7.71 118.9
LSD (0.05) 2.1 0.40 0.01 26.0
Manure application rate (Mg ha -1)[b]
0 6.5 15.5 22.0 55 0.11 95 0.76 7.71 95.2
5.4 5.8 11.6 17.4 50 0.70 164 0.76 7.70 56.0
10.7 6.1 14.7 20.8 36 0.78 160 0.76 7.72 80.4
21.4 9.9 12.2 22.1 26 0.87 114 0.77 7.72 70.3
42.8 15.9 18.0 33.9 75 0.40 203 0.77 7.73 76.6
LSD (0.05) 3.3 7.5 26
Runoff rate (L min-1)
1.0 3.8 3.2 7.0 24 0.14 33 0.77 8.00 14.3
2.2 4.3 4.6 8.9 20 0.32 39 0.76 7.78 17.1
8.2 10.1 15.2 25.3 50 0.99 181 0.76 7.65 69.3
12.2 11.5 18.2 29.7 61 0.73 204 0.76 7.58 102.3
19.5 14.6 30.8 45.4 86 0.67 279 0.76 7.57 175.4
LSD (0.05) 1.7 3.3 4.1 20 0.37 68 0.02 26.1
ANOVA (Pr>F)
Cover 0.02 0.19 0.86 0.20 0.01 0.58 0.04 0.51 0.01
Manure rate 0.01 0.14 0.01 0.02 0.15 0.66 0.26 0.83 0.47
Runoff rate 0.01 0.01 0.01 0.01 0.01 0.01 0.45 0.01 0.01
Cover x manure rate 0.14 0.12 0.26 0.17 0.22 0.35 0.12 0.88 0.57
Cover x runoff rate 0.01 0.26 0.01 0.01 0.06 0.80 0.01 0.01 0.01
Manure rate x runoff rate 0.01 0.27 0.13 0.24 0.21 0.85 0.08 0.96 0.58
Cover x manure rate x runoff 
rate 0.75 0.51 0.44 0.82 0.63 0.43 0.65 0.62 0.71
[a] Reported nutrient values represent the difference between runoff measurements and concentrations in the irrigation well water.
[b] Beef cattle manure was applied to meet 0, 1, 2, 4 or 8 year P crop growth requirements for corn.
Table 4. Runoff water quality parameters as affected by residue cover, manure application rate, and runoff rate. [a]
-------------------------(g ha -1 min-1)-------------------------
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Figure 1. Schematic showing the plot layout, the wheat stubble cover and the application rate of 
cattle manure based on zero, one, two, four, or eight year corn phosphorus requirements. 
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Figure 2. Figure depicting cover and no-cover treatments. The plot on the left has a wheat 
residue cover while the plot on the right depicts the no cover treatment. 
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Figure 3. Schematic showing a pair of experimental plots, inflow devices, collection troughs, and 
HS flumes. 
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Figure 4. Dissolved phosphorus as affected by manure application rate for sites with and without 
surface cover. Vertical bars are standard errors. 
 
 
Figure 5. Total phosphorus as affected by manure application rate for sites with and without 
surface cover. Vertical bars are standard errors. 
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Figure 6. Transport of dissolved phosphorus (DP) in runoff as affected by manure application 
rate and surface cover. 
 
Figure 7. Transport of total phosphorus (TP) in runoff as affected by manure application rate and 
surface cover. 
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Figure 8. Transport rate of dissolved phosphorus (DP) in runoff as affected by runoff rate for 
sites with and without cover. Vertical bars are standard errors. 
 
Figure 9. Transport rate of total phosphorus (TP) in runoff as affected by runoff rate for sites 
with and without cover. Vertical bars are standard errors. 
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Figure 10. Transport of dissolved phosphorus (DP) in runoff as affected by runoff rate for sites 
with and without surface cover. 
 
Figure 11. Transport of total phosphorus (TP) in runoff as affected by runoff rate for sites with 
and without surface cover. 
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Figure 12. Transport of NO3-N in runoff as affected by runoff rate for sites with and without 
cover. Vertical bars are standard errors. 
 
Figure 13. Transport of NO3-N in runoff as affected by runoff rate for sites with and without 
surface cover. 
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Figure 14. Transport of NO3-N and TN in runoff as affected by manure application rate. 
 
Figure 15. The transport of total nitrogen (TN) in runoff as affected by runoff rate. 
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Figure 16. PH of runoff as affected by runoff rate. 
 
Figure 17. Soil loss as affected by runoff rate for sites with and without surface cover. 
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WHEAT STRIP EFFECTS ON NUTRIENT TRANSPORT 
FOLLOWING MANURE APPLICATION 
 
C. A. Thayer, J. E. Gilley, L. M. Durso, D. B. Marx 
ABSTRACT 
Cultivation of crops in strips following the contours of the land to minimize 
erosion is a well-established conservation practice. This study was conducted to measure 
the effectiveness of a narrow wheat strip in reducing runoff nutrient transport from plots 
with a range of soil nutrient values. Beef cattle manure was applied to a silty clay loam 
soil at rates needed to meet a zero, one, two or four year corn P requirement. Three 30 
minute simulated rainfall events, separated by 24 hour intervals, were applied. Excessive 
amounts of manure were added after the initial tests were completed to meet 8, 12, 16 or 
20 year corn P requirements to determine the effects of excessive manure application on 
runoff nutrient transport. The effects of a narrow wheat strip, manure application rate, 
and runoff rate on nutrient transport were determined using ANOVA. The wheat strip 
significantly reduced the mean transport of DP, NO3-N, NH4-N, and TN in runoff. The 
wheat strip also reduced EC of runoff, particularly when excessive amounts of manure 
were applied. Manure rate significantly affected measurements of DP, PP, TP, NH4-N, 
TN and EC. Runoff rates significantly affected each of the measured runoff water quality 
parameters.  When manure was applied to meet the 8, 12, 16, or 20 year crop P 
requirements, DP, PP, TP and NH4-N transport generally increased as application rates 
increased. The results indicate that wheat strips can reduce N and P transport in runoff. 
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INTRODUCTION  
The incorporation of wheat strips as part of a strip cropping practice has been 
used to effectively reduce soil loss from cropland areas (Gilley et al., 1997). Narrow 
wheat strips can be planted along the contour. Runoff can also encounter multiple wheat 
strips on the path downslope thus diffusing and slowing down overland flow which can 
promote sediment deposition. 
Beef cattle manure contains nutrients that are essential for plant growth. It also 
contains organic matter which can improve soil quality when the manure is land applied. 
Manure has been used as an effective resource in crop production (Eghball and Power, 
1994). Sites undergoing long term application of manure have been shown to reduce 
runoff (Gilley and Risse, 2000). As manure application rates increased, runoff and soil 
loss rates decreased. However, since manure applications can cause an increase in soil 
nutrient content, land application may result in greater nutrient concentrations of runoff 
(Gilley et al., 2007a). However, when rainfall occurs soon after manure application, soil 
nutrient values may not significantly impact runoff nutrient concentrations (Eghball et al., 
2002).  
The objectives of this study were (1) to measure the effectiveness of a narrow 
wheat strip in reducing runoff nutrient transport from plots following the application of 
varying amounts of beef cattle manure, (2) to analyze the effects of a narrow wheat strip, 
manure application rate and inflow rate on nutrient transport in runoff, and (3) to evaluate 
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the consequences of adding excess manure (more than the amount necessary to meet four 
year crop P requirements). 
MATERIALS AND METHODS  
SITE CHARACTERISTICS 
This field study was conducted at the University of Nebraska Rogers Memorial 
Farm located 18 km east of Lincoln, NE. The soil at the site developed in loess under 
prairie vegetation. Soil samples collected immediately before rainfall simulation were 
tested at a commercial laboratory. It was determined that the Aksarben (formerly known 
as Sharpsburg) silty clay loam soil (fine, smectitic, mesic Typic Argiudoll) contained 
17% sand, 58% silt, and 25% clay, and 18.5 g kg
-1
 of organic C in the top 15 cm of the 
soil profile. The top 2 cm of soil just prior to manure application had mean measured 
concentrations of Bray and Kurtz No. 1 P, water soluble P, NO3-N, and NH4-N of 37.4, 
2.7, 5.7, and 11.0 mg kg
-1
, respectively. The soil also had a mean EC value of 0.34 dS m
-1
 
and a mean pH of 7.6. 
The study site had been cropped using a grain sorghum (Sorghum
 
bicolor (L.) 
Moench), soybean (Glycine
 
max (L.) Merr.), winter wheat (Triticum aestivum L. cv. 
Pastiche) rotation, under a long-term continuous no-till management system with 
controlled wheel traffic. The study area was planted to winter wheat during the 2009-
2010 cropping season. Herbicide (glyphosate) was applied as needed to control weed 
growth.  
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PLOT PREPARATION 
Twenty-four 0.75 m wide by 4 m long plots were established with the longer plot 
dimension parallel to the slope in the direction of overland flow. Experimental treatments 
included the presence or absence of a narrow wheat strip, varying manure application 
rates and varying inflow rates. Each of the experimental treatments was replicated three 
times (figure 1).  
An existing wheat field, planted in the fall of 2009, was used for this study. The 
randomized twenty-four plot system was laid out in a single row along a uniform slope 
contour averaging 0.048 ft/ft. Twelve plots were sprayed with herbicide in March 2010 to 
destroy the existing wheat cover. The other 12 plots were also sprayed with herbicide to 
destroy the existing wheat cover except for a 1.4 m wide wheat strip located on the down 
slope portion of the plots. The rainfall simulation tests were then run in May and June 
2010. Figure 2 shows a plot with a wheat strip and another without a wheat strip. 
Beef cattle manure was collected from feedlot pens located at the U.S. Meat 
Animal Research Center where the cattle were fed a corn based diet. Manure was applied 
to six experimental plots each week at rates of 0, 9.2, 18.3 or 36.6 Mg ha
-1
, the amount of 
manure needed to meet a zero, one, two, or four year corn P requirement (figure 1). The 
plots remained undisturbed following manure application. After initial tests were 
completed, additional manure was added at rates of 73.2, 109.8, 146.4, or 183.0 Mg ha
-1 
which correspond to 8, 12, 16, or 20 year corn P requirements (table 1).  
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Mean application rates of N and P are presented in table 1. Manure and fertilizer 
application rates were based on annual N and P removal by corn (151 kg N ha
-1
 and 25.8 
kg P ha
-1
). When calculating manure application rate, it was assumed that N and P 
availability from beef cattle feedlot manure was 40% and 85%, respectively (Eghball et 
al., 2002). Supplemental urea ((NH2)2CO) fertilizer N (39-0-0, N-P-K) was added at rates 
required to meet annual crop growth requirements. 
In addition to a no-inflow condition, four successively larger inflow rates were 
introduced to simulate greater slope lengths. The simulation of greater slope length by 
increasing flow rate has been used in other studies (Gilley et al., 1990; Gilley and Doran, 
1998). The effectiveness of a narrow wheat strip in reducing nutrient transport was then 
evaluated using this experimental arrangement. 
RAINFALL SIMULATION PROCEDURES 
Water used in the rainfall simulation tests was obtained from an irrigation well 
located near the experimental site. Concentrations of DP, TP, NO3-N, NH4-N, and TN in 
the irrigation water were determined to be 0.15, 0.15, 14.4, 0.01, and 14.5 mg L
-1
, 
respectively. The irrigation water also had an EC of 0.79 dS m
-1
 and a pH of 7.4. Nutrient 
values reported in this paper are the difference between those measured in runoff and the 
irrigation water.  
Field rainfall simulation tests were conducted in May and June 2010 using portable 
rainfall simulators based on the design by Humphry et al. (2002). Three 30 minute 
simulated rainfall events, separated by 24 hour intervals, were applied at an intensity of 
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approximately 70 mm hr
-1 
to a pair of 0.75 m wide by 4 m long plots. Procedures 
established by the National Phosphorus Research Project (NPRP) (Sharpley and 
Kleinman, 2003) were used during the initial 30 minutes of the study. Four rain gauges 
were placed along the outer edge of each plot, and two rain gauges were located between 
the plots. Water was added to the plots with a hose until runoff began to provide more 
uniform antecedent soil water conditions among treatments. 
Plot borders were used to ensure that only water falling directly on top of the 
experimental plots would be collected and measured. During the first 30 minutes of the 
study, runoff was diverted by a trough at the bottom of each plot to a small plastic bucket. 
The collected water was then transferred to a larger storage container using a sump pump. 
The storage container was weighed when the 30 minute rainfall simulation test was 
completed to determine total runoff volume. Then, while the runoff was being stirred to 
maintain suspension of solids, samples were collected for water quality and sediment 
analyses. 
After the initial 30 minutes of rainfall on the third rainfall simulation event, runoff 
from experimental plots was diverted into a HS flume with a stage recorder to measure 
discharge rate. Four successive inflow increments were applied on the upslope portion of 
each plot on the top of a narrow mat which prevented scouring. Samples for water quality 
and sediment analyses were obtained after each inflow increment reached steady state 
runoff conditions as determined by the stage recorder. Each inflow increment was 
sustained for approximately five minutes. An illustration of the equipment layout is 
shown in figure 3. 
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Centrifuged and filtered runoff samples were analyzed for DP (Murphy and Riley, 
1962), NO3-N and NH4-N using a Lachat system (Zellweger Analytics, Milwaukee WI).  
Non-centrifuged samples were analyzed for TP (Johnson and Ulrich, 1959) and TN (Tate, 
1994). The samples obtained for sediment analysis were dried in an oven at 105C and 
then weighed to determine sediment content. Analyses were  not conducted on dissolved 
solids. 
STATISTICAL ANALYSES 
         The effects of the narrow wheat strip, manure application rate, and runoff rate on 
nutrient load were determined using ANOVA (SAS Institute, 2003). For a given plot, 
water quality measurements obtained from each of the three-rainfall simulation runs were 
treated as repeated measures.  A probability level < 0.05 was considered significant. 
RESULTS AND DISCUSSION 
INITIAL TESTING OF MANURE RATES FOR ZERO, ONE, TWO, AND FOUR 
YEAR CORN P REQUIREMENTS 
Phosphorus in Runoff 
 The wheat strip significantly reduced DP from 0.11 kg ha
-1
 without a wheat strip 
to 0.07 kg ha
-1
 with a wheat strip (table 2). Figure 4 illustrates that while DP in runoff 
increased with larger manure rates, DP transport from plots with a wheat strip increased 
less than those without a wheat strip. The loads of PP and TP in runoff also decreased 
when a wheat strip was present but the differences were not statistically significant.  
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The decrease in phosphorus transported by runoff on plots with a wheat strip is 
partly due to the fact that the wheat strip (1.4 m wide) occupied approximately 35% of 
the plot area, thus reducing the upslope contributing area. The difference in DP transport 
between plots with and without wheat strips shown in table 2 is 36% which is 
approximately equal to the 35% difference in upslope contributing area. This means that 
the wheat strip probably had little contribution in reducing DP transport.  
Manure application rate significantly affected DP, PP, and TP transport in runoff. 
As manure rates increased, DP, PP, and TP loads also increased (table 2). The regression 
equation for TP transport in runoff is shown in figure 5. The increase in P transport was 
expected because manure rates were determined based on phosphorus and applying 
increasing manure rates corresponded to applying increasing amounts of phosphorus. 
 When inflow rates were added to the experimental plots, manure rate and wheat 
strips both significantly affected the rate of DP and TP transport. Increasing manure rates 
from zero to 36.6 Mg ha
-1
 resulted in an increase in DP from 1.8 to 6.5 g ha
-1
 min
-1
 and 
an increase in TP from 12.8 to 20.0 g ha
-1
 min
-1
 (table 3). Wheat strips significantly 
reduced DP transport rate from 4.5 to 2.6 g ha
-1
 min
-1
 and TP transport rate from 15.7 to 
12.6 g ha
-1
 min
-1
. Again, the wheat strip may not have been the major factor in reducing P 
transport since the difference in DP transport rate was 42% and the difference in TP 
transport rate was 20% compared to the difference in upslope contributing area of 35%.  
An increase in runoff rate resulted in a significant increase in the transport rate of 
DP, PP, and TP in runoff (table 3). A significant interaction between wheat strip and 
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runoff rate occurred for DP. Runoff from the experimental plots without a wheat strip had 
larger increases in DP transport rate than runoff from plots with a wheat strip (figure 6). 
Regression equations for DP transport rate in runoff show that for a given runoff rate, 
plots without wheat strips had higher DP values than plots with wheat strips (figure 7). 
The regression equations for DP transport rate in runoff also indicate that as runoff rates 
increased, less DP was transported from the plots containing wheat strips. The runoff rate 
for which the wheat strips are no longer effective in reducing P transport is not known. 
 Runoff rate also significantly affected TP transport rate in runoff (table 3). With 
each increase in runoff rate above 4.4 L min
-1
, a significant increase in the rate of TP 
transport occurred. The largest increase was from 17.8 to 27.2 g ha
-1
 min
-1
 which 
corresponds to runoff rates of 14.7 and 22.9 L min
-1
, respectively. The regression 
equation for TP transport rate as affected by runoff rate is shown in figure 8. The 
increases in phosphorus transport rate due to runoff rate increases are attributed to an 
increase in P transport capacity. 
Nitrogen in Runoff 
 When the experimental plots contained a wheat strip, a significant reduction in the 
transport of NO3-N, NH4-N, and TN in runoff occurred, from 0.20 to 0.09, 0.21 to 0.10, 
and 2.12 to 1.03 kg ha
-1
, respectively (table 2). The reduction is partly due to the smaller 
upslope contributing area but other mechanisms are probably involved. Manure rate also 
significantly affected NH4-N and TN transport (table 2). A significant increase in NH4-N 
and in TN occurred between the zero manure application rate and the one year manure 
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application rate. The reason for the decrease in transport of NH4-N and TN when the four 
year manure application rate was applied is not known. 
 When inflow was added to the experimental plots, manure rate significantly 
affected NO3-N and NH4-N transport rate (table 3). The transport rate of NO3-N had no 
clear trend when related to manure application rate. On the other hand, for every manure 
application rate above zero, the rate of NH4-N transport was significantly larger than for 
the zero application rate.  
 The transport rates of NO3-N, NH4-N, and TN were all significantly affected by 
runoff rate (table 3). The transport rate of NO3-N increased from 3.7 to 9.0 g ha
-1
 min
-1
 as 
runoff rates increased from 2.3 to 22.9 L min
-1
. The transport rate of NH4-N showed 
significant differences among runoff rates but no clear pattern was apparent. The rate of 
transport of TN significantly increased from 26 to 127 g ha
-1
min
-1
 as runoff rates 
increased from 2.3 to 22.9 L min
-1
. The transport rate of TN as affected by runoff rate is 
shown in figure 9.  The increase in nitrogen transport rate due to higher runoff rates was 
expected because as runoff rates increase, the transport capacity of the runoff also 
increases.  
Measurements of EC, pH, Runoff, and Erosion  
 Significant wheat strip x manure application rate interactions were calculated for 
EC (table 2). As manure application rates became larger, EC in runoff from plots without 
a wheat strip increased more than EC in runoff from plots with a wheat strip (figure 10). 
This trend can also be seen in the regression equations for EC with and without wheat 
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strips (figure 11). When inflow was added to the study area, increasing manure rates 
significantly increased EC levels (table 3). On the other hand, EC levels in runoff 
significantly decreased as runoff rates increased. This decrease is most likely the result of 
dilution. 
Neither the wheat strip nor manure application rates significantly affected pH 
measurements in runoff (tables 2 and 3). However, as runoff rate increased, the pH of 
runoff significantly decreased from 7.96 at a runoff rate of 2.3 L min
-1
 to 7.63 at a runoff 
rate of 22.9 L min
-1
(table 3). The relatively high pH of 7.96 for the runoff rate of 2.3 L 
min
-1
 was probably due to calcium carbonate in the applied manure. As runoff rates 
increased, however, dilution occurred lowering the ratio of calcium carbonate in the 
runoff thus decreasing pH.  
Runoff values were not significantly affected by wheat strip or manure 
application rates (table 2). Erosion rates did decrease with a wheat strip, but the decrease 
was not significant (tables 2 and 3). Manure application rate also had no significant effect 
on erosion. Soil loss values significantly increased with larger runoff rates due to 
increased sediment transport capacity at higher flows (table 3).  
TESTING OF EXCESSIVE MANURE RATES FOR 8, 12, 16, AND 20 YEAR 
CORN P REQUIREMENTS   
 To determine if the trends found in the initial tests using zero, one, two, and four 
year crop P requirements continued, excessive amounts of manure were added to the 
plots at rates of 73.2, 109.8, 146.4, and 183.0 Mg ha
-1
 (table 1). These excessive manure 
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rates correspond to 8, 12, 16, and 20 year crop P requirements. The excessive manure 
tests were only conducted on plots that contained wheat strips.  
 Increasing inflow rates were also added to test the effects of runoff rate on land 
with excessive manure application. Significant manure rate x runoff rate interactions 
were found for PP, EC and pH (table 5). Manure rate significantly affected PP, TP, and 
EC measurements in runoff. Runoff rate significantly affected each of the measured 
runoff water quality parameters. 
Phosphorus in Runoff 
 As manure application rates increased from 73.2 to 183.0 Mg ha
-1
, phosphorus 
transport rates also increased from 0.29 to 0.64 kg DP ha
-1
, 0.42 to 0.90 kg PP ha
-1
, and 
0.70 to 1.59 kg TP ha
-1
 (table 4). The trend that phosphorus concentrations increase 
linearly with increasing manure rates was typically true when excessive amounts of 
manure were added (figure 12). However, except for a significant increase between the 
146.4 and 183.0 Mg ha
-1
 manure rates for PP, no other significant increases were 
measured in the transport of DP, PP, or TP in runoff (table 4).  
For the inflow tests, a significant increase in the transport of PP and TP in runoff 
was measured when manure application rates increased from 146.4 to 183.0 Mg ha
-1 
(table 5). Runoff rates also significantly affected the transport rate of DP, PP, and TP in 
runoff. The rate of transport of DP increased from 17.6 to 59.7 g ha
-1
 min
-1
, PP transport 
rate increased from 21.9 to 35.2 g ha
-1
 min
-1
, and TP transport rate increased from 39.5 to 
94.9 g ha
-1
 min
-1 
as runoff rate increased from 2.5 to 22.0 L min
-1
. However, no 
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significant change in P transport rate was found among the three largest runoff rates. 
Regression equations were calculated for the rate of P transport as affected by runoff rate 
when excessive amounts of manure were applied (figure 13). As seen in figure 13, the 
transport rate of phosphorus began to level off once the 9.8 L min
-1
 runoff rate was 
reached. This may indicate that the transport capacity of runoff had been reached since 
more nutrients were available due to the excess manure amounts.  
Nitrogen in Runoff 
 The transport of NH4-N in runoff generally increased as manure application rate 
increased (table 4). The transport of NH4-N in runoff was significantly greater at the 
183.0 Mg ha
-1
 manure application rate than the other application rates. The transport of 
NH4-N in runoff as affected by manure application rates is shown in figure 14. The 
transport of TN increased with each of the first three successive manure rates (table 4).  
 When inflow was added to the experimental plots, runoff rate significantly 
affected NH4-N and TN. As runoff rates increased from 2.5 to 22.0 L min
-1
, NH4-N 
transport rate increased from 27.4 to 45.5 g ha
-1
 min
-1 
and the rate of TN transport 
increased from 112 to 224 g ha
-1
 min
-1
. The regression equations relating the rate of NH4-
N and TN transport to runoff rate when excessive manure amounts were applied are 
given in figures 15 and 16. Again, as with the phosphorus measurements, the NH4-N and 
TN transport rates began to level off after the 9.8 L min
-1
 runoff rate was reached.   
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Measurements of EC, PH, Runoff, and Erosion 
 The EC of runoff consistently increased with manure application rate (table 4). 
The effect of manure application rate on EC is shown in figure 17. No significant 
interaction was found between pH and manure application rate, between runoff and 
manure application rate, or between erosion and manure application rate (table 4). 
 When additional inflow was added to the test plots, manure rate significantly 
affected EC of runoff (table 5). As manure rate increased from 73.2 to 109.8 Mg ha
-1
, EC 
values increased from 0.90 to 1.15 dS m
-1
. There were no significant differences among 
the three largest manure application rates. No significant differences were measured 
between manure application rate and pH or between manure application rate and soil loss. 
Runoff rates significantly affected EC, pH, and soil loss. Measurements of EC 
significantly decreased from 1.62 to 0.85 dS m
-1
 as runoff rates increased from 2.5 to 
22.0 L min
-1
 due to dilution caused by larger volumes of water. 
A decrease in EC in runoff also occurred in the first part of the study but because 
of larger amounts of manure, the decreases were more dramatic with excessive manure 
application rates. A regression equation relating EC in runoff to runoff rate is given in 
figure 18. The pH of runoff also significantly decreased from 7.66 to 7.51 as runoff rates 
increased from 2.5 to 22.0 L min
-1
 (table 5). Again, as seen in the first part of the study, 
the decrease in EC with increased flow rate is probably due to dilution of the calcium 
carbonate in runoff. Also, as expected, soil loss values significantly increased as runoff 
rates increased, from 12.4 to 43.5 kg ha
-1
 min
-1
. 
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COMPARING WHEAT STRIPS TO GRASS HEDGES 
 Narrow stiff stemmed grass hedges have been shown to reduce runoff and soil 
erosion from cropland areas following compost application by 41 and 92 percent, 
respectively (Gilley et al., 2008). Grass hedges reduced mean runoff and soil erosion 
from cropland areas with manure application by 66 and 71 percent, respectively (Gilley et 
al, 2011). Wheat strips in this study did not significantly reduce runoff or soil erosion. 
The mean runoff values for plots with and without wheat strips were the same. Wheat 
strips reduced erosion by 22 percent but the decrease was attributed to the 35 percent 
reduction in upslope contributing area.  
 Narrow stiff stemmed grass hedges on areas with compost application reduced 
transport of DP by 60 percent, TP by 68 percent, NO3-N by 68 percent, NH4-N by 78 
percent, and TN by 48 percent when no inflow was added (Gilley et al., 2008). When 
manure was applied with no inflow, grass hedges reduced DP, TP, NO3-N, NH4-N, and 
TN by 88, 88, 72, 96, and 81 percent, respectively. Wheat strips reduced DP transport by 
36 percent and TP transport by 23 percent (which was not significant). These P transports 
reductions may have been caused by the reduced upslope contributing area. Wheat strips 
also reduced the transport of NO3-N by 55 percent, NH4-N by 52 percent, and TN by 51 
percent. Similar reduction values were seen for grass hedges when inflow was added but 
when inflow was added to the wheat strip study, wheat strips significantly affected only 
DP and TP transport rate; a reduction of 42 percent in DP transport rate and only a 20 
percent reduction in the rate of TP transport. 
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 Overall, wheat strips can be an effective management practice for reducing 
nitrogen and phosphorus losses from fields. When compared to narrow stiff stemmed 
grass hedges, however, grass hedges are much more efficient at reducing runoff, erosion, 
and nutrient transport in runoff.   
CONCLUSIONS 
 The wheat strip significantly reduced mean transport of DP in runoff from 0.11 to 
0.07 kg ha
-1
. The wheat strip also significantly reduced the transport of NO3-N, NH4-N, 
and TN in runoff from 0.20 to 0.09, 0.21 to 0.10, and 2.12 to 1.03 kg ha
-1
, respectively. In 
addition, the wheat strip consistently reduced EC measurements in runoff, especially as 
manure application rates increased.  
 A significant increase in the transport of DP, PP, and TP in runoff occurred due to 
increasing manure application rates. A significant increase in NH4-N and TN transport 
occurred between the zero and the 9.2 Mg ha
-1
 manure application rates. Increasing 
manure application rates also caused a significant increase in EC of runoff, especially in 
runoff from plots without wheat strips. 
 Increasing runoff rates resulted in a significant increase in the transport rate of 
DP, PP, and TP in runoff. A significant increase in TP transport rate occurred for each 
increase in runoff rate above 4.4 L min
-1
. Runoff rate also significantly affected NO3-N 
and TN transport rate in runoff. Generally, as runoff rate increased, NO3-N and TN also 
increased. As runoff rates increased, EC values decreased. An increase in runoff rate 
significantly reduced pH levels and significantly increased soil loss values. 
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 For excessive manure application the DP, PP, TP and NH4-N transport in runoff 
generally increased as manure application rates increased. Values for EC in runoff also 
increased as manure application rates increased for excessive manure application 
conditions. 
 When inflow was added to the experimental plots containing excess manure, 
runoff rate significantly affected each of the measured runoff water quality parameters. 
Increasing runoff rate from 2.5 to 22.0 L min
-1
 significantly increased the rate of DP 
transport from 17.6 to 59.7 g ha
-1
 min
-1
, PP transport rate from 21.9 to 35.2 g ha
-1
 min
-1
, 
and TP transport rate from 39.5 to 94.9 g ha
-1
 min
-1
. The transport rate of NH4-N and TN 
also significantly increased from 27.4 to 45.5 and 112 to 224 g ha
-1
 min
-1
, respectively. 
While significant increases were seen between runoff rates for P and N transport rates, 
once the 9.8 L min
-1
 runoff rate was reached, the transport rates began to level off. As 
runoff rates increased, EC values in runoff decreased from 1.62 to 0.85 dS m
-1
, pH 
decreased from 7.66 to 7.51, and soil loss measurements increased from 12.4 to 43.5 kg 
ha
-1
 min
-1
.  
 Wheat strips can reduce phosphorus and nitrogen transport in runoff from 
agricultural areas where manure has been land applied. Increasing manure application 
rates generally increase nitrogen and phosphorus transport in runoff, even when excessive 
amounts of manure are added. Increasing runoff rates also increase nitrogen and 
phosphorus transport rates in runoff. However, when excessive amounts of manure are 
added, instead of a linear relationship between runoff rate and nutrient transport rate, the 
trend lines begin to level off. 
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APPENDIX 
 
 
 
 
P Application 
Interval[a]             
(yr)
Manure 
Application 
(Mg ha-1)
NO3-N
[b]                      
(g kg-1)
NH4-N                  
(g kg-1)
Total N             
(g kg-1)
Total P               
(g kg-1)
Water Content          
(g kg-1)
0 0.0 0.01 0.15 11 3.3 70
1 9.2 0.01 0.15 11 3.3 70
2 18.3 0.01 0.15 11 3.3 70
4 36.6 0.01 0.15 11 3.3 70
8 73.2 0.01 0.15 11 3.3 70
12 109.8 0.01 0.15 11 3.3 70
16 146.4 0.01 0.15 11 3.3 70
20 183.0 0.01 0.15 11 3.3 70
P Application 
Interval[a]                    
(yr)
EC[c]                   
(dS m-1) pH
Total        
Manure N               
(kg ha-1)
Total         
Fertilizer N                     
(kg ha-1)
Total P               
(kg ha-1)
0 12 8.4 0.0 0.0 0.0
1 12 8.4 39.9 111.1 25.8
2 12 8.4 79.8 71.2 51.6
4 12 8.4 159.6 0.0 103.2
8 12 8.4 319.2 0.0 206.4
12 12 8.4 478.8 0.0 309.6
16 12 8.4 638.4 0.0 412.8
20 12 8.4 798.0 0.0 516.0
[a] Manure was applied at a rate necessary to meet a 0, 1, 2, 4, 8, 12, 16 or 20 year corn P requirement.
[b] Nutrient concentration was determined on a dry basis.
[c] EC = electrical conductivity; EC and pH were determined in a 1:5 manure:water ratio.
Table 1. Manure analyses and application rates
Table 1. Continued
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DP PP TP NO3-N NH4-N TN EC PH Runoff Erosion
(kg ha -1) (kg ha -1) (kg ha -1) (kg ha -1) (kg ha -1) (kg ha -1) (dS m-1) (mm) (Mg ha
-1)
Wheat strip
Wheat strip 0.07 0.13 0.20 0.09 0.10 1.03 0.83 7.92 22 0.14
No-wheat strip 0.11 0.15 0.26 0.20 0.21 2.12 0.89 7.90 22 0.18
LSD (0.05) 0.03 0.10 0.06 0.78 0.03
Manure rate (Mg ha -1)
0 0.03 0.10 0.13 0.15 0.01 0.41 0.78 7.90 26 0.16
9.2 0.07 0.11 0.18 0.19 0.27 2.72 0.81 7.91 24 0.17
18.3 0.10 0.12 0.22 0.15 0.21 2.14 0.88 7.92 20 0.13
36.6 0.18 0.22 0.40 0.09 0.14 1.03 0.97 7.91 20 0.18
LSD (0.05) 0.05 0.07 0.11 0.08 1.10 0.04
ANOVA
Wheat strip 0.02 0.34 0.12 0.04 0.01 0.01 0.01 0.29 0.96 0.17
Manure rate 0.01 0.02 0.01 0.61 0.01 0.01 0.01 0.92 0.38 0.49
Wheat strip x 
manure rate
0.06 0.34 0.17 0.54 0.13 0.31 0.01 0.41 0.77 0.85
Table 2. Effects of a wheat strip and manure application rate on selected water quality parameters averaged over three rainfall simulation runs.
Pr > F
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DP PP TP NO3-N NH4-N TN EC PH Soil Loss
(dS m-1) (kg ha -1 min-1)
Wheat strip
Wheat strip 2.6 10.0 12.6 5.0 4.3 82 0.79 7.74 17.7
No-wheat strip 4.5 11.2 15.7 5.3 5.1 80 0.79 7.75 20.0
LSD (0.05) 1.3 2.9
Manure rate (Mg ha -1)
0 1.8 11.0 12.8 3.9 0.9 58 0.78 7.74 19.1
9.2 2.2 10.0 12.2 8.4 8.8 85 0.79 7.75 20.1
18.3 3.8 7.9 11.6 4.6 5.4 85 0.79 7.75 16.1
36.6 6.5 13.5 20.0 3.6 3.7 96 0.80 7.75 20.1
LSD (0.05) 1.9 4.1 3.2 2.1 0.01
Runoff rate (L min-1)
2.3 2.1 3.6 5.8 3.7 4.8 26 0.80 7.96 4.6
4.4 2.5 4.9 7.4 1.7 3.6 35 0.79 7.80 7.8
9.9 3.7 9.1 12.8 5.3 5.8 81 0.79 7.69 17.5
14.7 4.3 13.4 17.8 6.0 5.9 138 0.78 7.66 24.2
22.9 5.2 22.0 27.2 9.0 3.5 127 0.78 7.63 40.0
LSD (0.05) 0.7 2.9 2.8 3.5 1.8 50 0.01 0.04 3.4
ANOVA
Wheat strip 0.02 0.43 0.04 0.79 0.33 0.89 0.72 0.49 0.38
Manure rate 0.01 0.12 0.01 0.01 0.01 0.49 0.04 0.97 0.67
Runoff rate 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
Wheat strip x 
manure rate
0.11 0.60 0.13 0.17 0.14 0.14 0.56 0.57 0.30
Wheat strip x 
runoff rate
0.02 0.85 0.43 0.66 0.36 0.96 0.08 0.58 0.58
Manure rate x 
runoff rate
0.10 0.48 0.30 0.88 0.31 0.34 0.01 0.88 0.99
Wheat strip x 
manure rate x 
runoff rate
0.51 0.96 0.80 0.14 0.54 0.77 0.07 0.99 0.06
Table 3. Runoff water quality parameters as affected by a wheat strip, manure application rate, and inflow rate.
Pr > F
-------------------------(g ha -1 min-1)-------------------------
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Manure Rate DP PP TP NH4-N TN EC PH Runoff Erosion
(Mg ha-1) (kg ha -1) (kg ha -1) (kg ha -1) (kg ha -1) (kg ha-1) (dS m-1) (mm) (Mg ha
-1)
73.2[a] 0.29a 0.42b 0.70a 0.52a 2.64b 1.16b 7.66a 25a 0.29a
109.8 0.67a 0.70b 1.37a 0.88a 3.74a 1.58b 7.73a 27a 0.40a
146.4 0.51a 0.62b 1.13a 0.71a 3.90a 1.85b 7.69a 25a 0.39a
183.0 0.64a 0.90a 1.59a 1.17b 3.14b 1.90a 7.56a 24a 0.44a
[a] Values followed by different letters are significantly different at the 0.05 probability level based on the student's t test.
Table 4. Selected water quality parameters as affected by excessive manure application.
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DP PP TP NH4-N TN EC PH Soil Loss
(dS m-1) (kg ha -1 min-1)
Manure rate (Mg ha -1)
73.2 37.7 12.0 49.7 18.0 91 0.90 7.57 24.1
109.8 38.4 26.3 64.7 34.6 129 1.15 7.61 24.7
146.4 38.3 27.9 66.2 39.8 169 1.28 7.64 22.1
183.0 58.9 55.4 114.3 66.9 292 1.24 7.50 31.7
LSD (0.05) 18.4 32.6 0.26
Runoff rate (L min-1)
2.5 17.6 21.9 39.5 27.4 112 1.62 7.66 12.4
4.7 33.4 29.0 62.4 35.0 133 1.23 7.64 16.4
9.8 53.2 31.0 84.3 46.1 191 1.01 7.58 25.4
14.4 52.5 34.9 87.4 45.0 191 0.99 7.52 30.5
22.0 59.7 35.2 94.9 45.5 224 0.85 7.51 43.5
LSD (0.05) 18.2 7.5 18.2 8.3 56.8 0.15 0.03 6.2
ANOVA
Manure rate 0.44 0.01 0.02 0.09 0.09 0.01 0.06 0.58
Runoff rate 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Manure rate x 
runoff rate
0.88 0.03 0.37 0.37 0.09 0.01 0.04 0.75
Table 5. Runoff water quality parameters as affected by a excessive manure application rate and inflow rate.
Pr > F
-------------------------(g ha -1 min-1)-------------------------
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Figure 1. Schematic showing the plot layout, the wheat strip and no wheat strip treatments and 
the manure application rates based on zero, one, two, or four year corn P requirements. 
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Figure 2. Figure depicting wheat strip and no wheat strip treatments. The plot on the left has no 
wheat strip while the plot on the right has a wheat strip. 
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Figure 3. Schematic showing a pair of experimental plots, inflow devices, collection troughs, and 
HS flumes as used in the study. 
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Figure 4. Transport of dissolved phosphorus (DP) in runoff as affected by manure application 
rate for the wheat strip and no wheat strip treatments. 
 
Figure 5. Transport of total phosphorus (TP) in runoff as affected by manure application rate for 
the wheat strip and no wheat strip treatments.  
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Figure 6. Transport rate of dissolved phosphorus (DP) in runoff as affected by runoff rate for 
conditions with and without a wheat strip. Vertical bars are standard errors. 
 
Figure 7. Transport rate for dissolved phosphorus (DP) in runoff as affected by runoff rate for 
the wheat strip and no wheat strip treatments.  
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Figure 8. Transport rate for total phosphorus (TP) in runoff as affected by runoff rate for the 
wheat strip and no wheat strip treatments.  
 
Figure 9. Transport rate for total nitrogen (TN) in runoff as affected by runoff rate. 
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Figure 10. Values for electrical conductivity (EC) as affected by manure application rate for 
conditions with and without a wheat strip. Values for EC are averages from three rainfall 
simulation runs. Vertical bars are standard errors. 
 
Figure 11. Runoff values for EC as affected by manure application rate for the wheat strip and no 
wheat strip treatments. 
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Figure 12. Transport of dissolved phosphorus (DP), particulate phosphorus (PP) and total 
phosphorus (TP) in runoff as affected by manure application rate. 
 
 
Figure 13. Phosphorus transport in runoff as affected by runoff rate when excessive amounts of 
manure were applied to meet 8, 12, 16, and 20 year corn P requirements.  
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Figure 14. Transport of NH4-N in runoff as affected by manure application rate.  
Figure 15. Transport of NH4-N in runoff as affected by runoff rate when excessive amounts of 
manure were applied to meet 8, 12, 16, and 20 year corn P requirements.  
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Figure 16. Transport of total nitrogen (TN) in runoff as affected by runoff rate when excessive 
amounts of manure were applied to meet 8, 12, 16, and 20 year corn P requirements. 
 
Figure 17. Values for electrical conductivity (EC) as affected by manure application rate. 
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Figure 18. Electrical conductivity (EC) of runoff as affected by runoff rate when excessive 
amounts of manure were applied to meet 8, 12, 16, and 20 year corn P requirements. 
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